The SCARE (Structural Ceramics Analysis and Reliability Evaluation) computer proqramon statistical fast fracture reliability analysis with quadratic elements for volume distributed imperfections is enhanced to include the use of linear finite elements and the capability o f designing against concurrent surface flaw induced ceramic component failure. presently coupled as a postprocessor to the YSC/NASTRAN general purpose, finite element analysis program. The improved version now includes the Weibull and Batdorf statistical failure theories for both surface and volume flaw based reliability analysis. The program uses the two-parameter Weibull fracture strength cumulative failure probability distribution model with the principle of independent action for polyaxial stress states, and Batdorf's shear-sensitive as well as shearinsensitive statistical theories. The shear-sensitive surface crack confiqurations include the Griffith crack and Griffith notch geometries, tisifig the tatal critical coplanar strain enerqy release rate criterion to predict mixed-mode fracture. Weibull material parameters based on both surface and volume flaw induced fracture can also be calculated from modulus of rupture bar tests, using the least squares method with known specimen geometry and grouped fracture data. The surface flaw reliability prediction uses MSCINASTRAN stress, temperature, and external boundary area output, obtained from the use of linear or quadratic shell and three-dimensional isoparametric finite elements. The statistical fast fracture theories for surface flaw induced failure, along with selected input and output formats and options, are summarized. An example problem to demonstrate various features of the program is i ncl uded.
INTRODUCTION
The SCARE code is Brittle structures characteristically exhibit a large variation in fracture stress which must be taken into account in design. strength of nominally identical components is due to the presence of invisible material imperfections.
This variation in observed
These imperfections are assumed to have a distribution in strenqth and the structure is assumed to fail when the strength of the weakest flaw or link i s exceeded. Structural ceramics are known to contain at least two concurrent types of material imperfections or flaw populations. One type of unavoidable flaws arise from material processing, which are usually restricted to the interior of the structure and are referred to as volume or intrinsic flaws. with distinctly different structural response exists on the surface of a ceramic component. These external surface or extrinsic flaws can arise from qrinding or other finishinq operations, or maybe the result of environmental factors or of the intrinsic porosity intersectinq the external surface. Statistical fast fracture models, based on weakest link theories (WLT) of Weibull, have been previously developed for both tyDes of flaw populations (Weibull, 1939; Rufin et al., 1984; Wertz and Heitman. 1980; Batdorf, 1978; Johnson, 1983) . Recently, a public domain qeneral ourpose reliability code called SCARE has been qenerated (Gyekenyesi, 1986) to predict the fast fracture response of ceramic structures due to volume distributed flaws. It is the purpose of this DaDer to describe enhancements to the SCARE proqram which will allow reliability analysis with linear or quadratic elements of ceramic components due to the presence of a concurrent surface distributed flaw population. Consequently, fracture caused by either internal or external flaws can then be accounted for in the design process.
the scatter in fracture strength of brittle materials was introduced by Weibull (1939). His model was based on the weakest link theory and required certain statistical parameters to phenomenologically describe the failure response of a material. These statistical parameters were usually determined from uniaxially loaded, simple qeometry specimens. To predict material behavior in other stress states usinq statistical parameters from uniaxial tests, Weibull proposed calculatinq the risk of rupture by averaqinq the tensile normal stress in all directions. Since this aporoach is arbitrary and requires numerical modelinq, other Another flaw population
The first probabilistic method used to account for 1 approaches were subsequently introduced. w i d e l y used o f these i s the p r i n c i p l e o f independent a c t i o n (PIA) model, which i s based on t h e assumption t h a t t h e p r i n c i p a l stresses a c t independently.
The P I A f r a c t u r e t h e o r y i s t h e s t a t i s t i c a l v e r s i o n o f t h e maximum s t r e s s f a i l u r e theory, which was w i d e l y used i n e a r l y m e t a l l i c s t r u c t u r e design. n e n t s i n t h e government sponsored advanced gas t u r b i n e (AGT) programs used e i t h e r o r b o t h o f t h e above described p o l y a x i a l s t a t i s t i c a l f a i l u r e models. Both o f t h e s e f r a c t u r e theories, however, can l e a d t o unsafe e s t i m a t e s o f f a i l u r e (Gyekenyesi, 1986) (Batdorf, 1973 ; B a t d o r f and Heinisch, 1978) . He assumed t h a t t h e cracks a r e randomly o r i e n t e d , t h a t t h e y a r e Derpendicular t o t h e boundary and t h a t t h e y do n o t i n t e r a c t . The s i z e s of t h e c r a c k s a r e n o t e x p l i c i t l y t r e a t e d and f r a c t u r e o c c u r s when t h e remote macroscopic s t r e s s normal t o t h e crack p l a n e exceeds some c r i t i c a l s t r e s s , uCr, charact e r i z i n g t h a t p a r t i c u l a r crack. Since t h e cracks a r e assumed normal t o t h e surface, crack o r i e n t a t i o n i s g i v e n b y a s i n g l e angular measure r a t h e r than two, as I n adding t h e i n f l u e n c e o f shear l o a d i n q on t h e crack face, t h e e x t e r n a l flaws a r e c u r r e n t l y modeled as G r i f f i t h cracks and G r i f f i t h notches. U n l i k e w i t h i n t e r n a l f l a w a n a l y s i s i n SCARE, o n l y t h e t o t a l c r i t ic a l c o p l a n a r s t r a i n energy r e l e a s e r a t e , Gc, c r i t e r i o n i s used t o p r e d i c t mixed-mode f r a c t u r e (Samos, 1982) , and t h e maximum t e n s i l e stress c r i t e r i o n , as Surface f l a w based r e l i a b i l i t y a n a l y s i s has been implemented i n b o t h t h e SCAREl and SCARE2 versions o f t h e postprocessor proqram (Gyekenyesi , 1986) . SCAREl uses o n l y elemental c e n t r o i d a l p r i n c i p a l stresses t o c a l c u l a t e r e l i a b i l i t y . I n t h e SCARE2 v e r s i o n o f t h e code, a l l l i n e a r o r quadratic QUAD8 s h e l l elements a r e f u r t h e r d i s c r e t i z e d i n t o 9 subelements, which a r e t h e n used w i t h i n t e r p o l a t e d p r i n c i p a l s t r e s s e s t o p e r f o r m a l l a n a l y s i s . I n o r d e r t o i d e n t i f y e x t e r n a l bounda r i e s , c a l c u l a t e t h e i r surface areas and o b t a i n c o r r esponding s u r f a c e s t r e s s states, a p p r o p r i a t e MSC/NASTRAN s h e l l elements o f n e g l i g i b l e s t i f f n e s s a r e used, t o g e t h e r w i t h t h e p r e v i o u s l y s e l e c t e d three-dimensional HEXA and PENTA elements. The s e l e c t i v e use o f s h e l l elements p e r m i t s t h e i d e n t i f i c a t i o n o f o n l y those e x t e r n a l areas which contain p o t e n t i a l l y f a i l u r ec a u s i n g f l a w s , and i t can iqnore boundaries f r o m which f r a c t u r e i s n o t l i k e l y , such as f i n i t e element model symmetry planes o r compressively loaded e x t e r n a l surfaces.
PROGRAM CAPABILITY AND DESCRIPTION
The most
Most ceramic compo-I n o r d e r t o introduce a mechanistic f r a c t u r e c r i -The a r c h i t e c t u r e and b a s i c computational elements o f t h e postprocessor proqram a r e described b y Gyekenyesi (1986) . F i g u r e 1 shows t h e f l o w c h a r t f o r t h e new s u r f a c e f l a w SCARE2 r e l i a b i l i t y a n a l y s i s code, which i s desiqned t o be i d e n t i c a l i n i t s sequence o f c a l c u l a t i o n s t o t h e p r e v i o u s l y developed volume f l a w a n a l v s i s . F o r computational e f f i c i e n c y , a l l e x p e r imental f r a c t u r e s t r e s s e s as w e l l as a l l elemental p r i n c i p a l s t r e s s e s a r e normalized. When u s i n q t h e W e i b u l l s c a l e parameter, o0, as t h e n o r m a l i z i n q f a c t o r , i t i s i m p o r t a n t t o n o t e t h a t d i f f e r e n t values of 0" a r e q e n e r a l l y used i n t h e volume and s u r f a c e f l a w c a l c u l a t i o n s . s u l t t h e appropriate a n a l y s i s code manuals. g e n e r a t i o n programs, l i t t l e d i f f i c u l t y w i l l be encount e r e d i n adding t h e r e q u i r e d e x t e r n a l elements. A s o l i d element face i s i d e n t i f i e d as an e x t e r n a l surf a c e when i t s nodes a r e shared by a s h e l l element. The m i d s i d e nodes may o r may n o t be present, b u t c u r r e n t capabi1it.y r e q u i r e s t h a t e i t h e r t h e y a r e a l l t h e r e cons i s t e n t l y , o r t h e y a r e a l l absent. M i x i n g o f l i n e a r o r q u a d r a t i c elements i n a g i v e n f i n i t e element mesh i s n o t p e r m i t t e d . When u s i n g s h e l l elements, o n l y t h e membrane p r o p e r t i e s should be invoked and t h e uncoupled bending s t i f f n e s s should n o t be i n c l u d e d i n t h e model. SCARE i n p u t requirements f o r e x t e r n a l f l a w analys i s a r e almost i d e n t i c a l t o t h e i n p u t d a t a f o r i n t e r n a l f l a w a n a l y s i s , which has been p r e v i o u s l y summarized (Gyekenyesi, 1986) . The postprocessor program i s capa b l e o f d o i n g t h e volume and s u r f a c e f l a w a n a l y s i s i n one execution. However, o n l y t h e surface d i s t r i b u t e d c r a c k c a p a b i l i t y w i l l be described i n t h i s paper. As before, program i n p u t can be grouped i n t o t h r e e cate- The second category, c a l l e d t h e specimen deck, uses f r a c t u r e specimen data r e q u i r e d i n c a l c u l a t i n g s t a t i s t i c a l f r a c t u r e parameters, o r d i r e c t i n p u t of m a t e r i a l p r o p e r t i e s i n c l u d i n g Poisson's r a t i o . These m a t e r i a l parameters a r e g e n e r a l l y temperature dependent. Therefore t h e n a f t e r e v a l u a t i n g C, and ms b y t h e l e a s tsquares method, uOs and kBs can be c a l c u l a t e d . Using t h e e f f e c t i v e area f o r a r e c t a n g u l a r beam i n f o u r -p o i n t bending (Govila, 1983) where L 1 i s t h e l e n q t h between t h e o u t e r loads, L7 i s t h e l e n g t h between t h e i n n e r loads, w width, and h i s t h e beam h e i q h t , we can r e w r i t e Eq. 
e l i e v e d t h a t t h e r e a r e so many c r a c k s present t h a t t h e r e i s always one crack w i t h t h e l e a s t -f a v o r a b l e o r ie n t a t i o n and t h a t crack growth f r o m t h i s f l a w causes

